Viruses encode viral suppressors of RNA silencing (VSRs) to counteract RNA silencing, a major antiviral defense response in plants. Recent studies indicate a role of virus-derived siRNAs in manipulating the expression of specific host genes and that certain plant viral movement proteins (MPs) can act as viral enhancers of RNA silencing (VERs) by stimulating the spread of silencing between cells. This suggests that viruses have evolved complex responses capable to efficiently hijack the host RNA silencing machinery to their own advantage. We draw here a dynamic model of the interaction of plant viruses with the silencing machinery during invasion of the host. The model proposes that cells at the spreading front of infection, where infection starts from zero and the VSR levels are supposedly low, represent potential sites for viral manipulation of host gene expression by using virus-and host-derived small RNAs. Viral MPs may facilitate the spread of silencing to produce a wave of small RNA-mediated gene expression changes ahead of the infection to increase host susceptibility. When experimentally ascertained, this hypothetical model will call for re-defining viral movement and the function of viral MPs.
Viruses depend on intricate interactions with their hosts to fulfill their life cycle. To infect plants systemically, viruses encode specialized movement proteins (MPs) that allow their movement from cell to cell through plasmodesmata and to distant tissues via the phloem. While virus spread depends on host factors that support replication and movement, the final outcome of infection relies on the ability of the virus to cope with RNA silencing, a major antiviral plant defense mechanism that targets the viral genome for degradation (Bayne et al., 2005; Ding and Voinnet, 2007; Ding, 2010) . Indeed, the viral RNAs are processed by the RNA silencing machinery into viral small RNAs (vsRNAs) that can potentially be loaded into specific ARGONAUTE effectors (AGOs) that further target viral RNAs for degradation and/or for translational repression. Because small RNAs (sRNAs) are mobile and RNA silencing can propagate from cell to cell (Chitwood and Timmermans, 2010; Dunoyer et al., 2010a,b; Brosnan and Voinnet, 2011; Molnar et al., 2011) , antiviral silencing was proposed to involve the movement of vsRNAs that immunize naïve cells ahead of the infection (Ding and Voinnet, 2007 ; Figure 1A ). As part of the ongoing host-virus arms race, viruses have evolved potent suppressors of RNA silencing (VSRs; Figure 1B) . The VSRs of different viruses inhibit different RNA silencing components suggesting that they evolved independently (Diaz-Pendon and Ding, 2008; Wu et al., 2010; Burgyan and Havelda, 2011) . The antiviral RNA silencing pathway shares components with the endogenous microRNA (miRNA) and trans-acting siRNA (ta-siRNA) pathways (Vazquez et al., 2004; Gasciolli et al., 2005; Xie et al., 2005) that regulate gene expression and important developmental processes (Pasquinelli and Ruvkun, 2002; Voinnet, 2005) . Thus, indirect interference of VSRs with important host sRNA-mediated developmental pathways was identified as a potential molecular explanation for virus-induced "disease symptoms," i.e., the aberrant plant growth and development observed during viral infection (Kasschau et al., 2003; Chapman et al., 2004; Diaz-Pendon and Ding, 2008 ; Figure 2) . Indeed, based on a recent study developmental disease symptoms triggered by different viruses are presumed to occur via an effect of VSRs on miR167 activity, which results in an increased abundance of the transcription factor AUXIN RESPONSE FACTOR 8 (ARF8; Jay et al., 2011) .
Tobacco mosaic virus (TMV) and related tobamoviruses encode a VSR that resides in the small replicase subunit (Kubota et al., 2003; Ding et al., 2004; Csorba et al., 2007; Vogler et al., 2007) . This subunit is dispensable for replication but accumulates to high amounts and increases the virus titers (Ishikawa et al., 1986; Lewandowski and Dawson, 2000) . Its capacity to suppress silencing was correlated with its ability to bind siRNA and miRNA duplexes in vitro and to interfere with vsRNA and sRNA methylation in vivo (Blevins et al., 2006; Csorba et al., 2007; Kurihara et al., 2007; Vogler et al., 2007) . This modus operandi was also reported for several other VSRs like the Hc-Pro of potyviruses and P19 of tombusviruses (Lakatos et al., 2006) . Consistently, plants infected with tobamoviruses like TMV, TMV-Cg, cr-TMV, or Oilseed rape mosaic virus (ORMV) generally exhibit increased levels of miRNAs (Blevins et al., 2006; Bazzini et al., 2007; Csorba et al., 2007; Tagami et al., 2007; Vogler et al., 2007) . Strikingly, these increased miRNA levels do not lead to the expected decreases in target mRNA levels www.frontiersin.org Csorba et al., 2007; Tagami et al., 2007; Hu et al., 2011) indicating that sRNA binding by tobamovirus replicases interferes with the use of induced sRNAs in RISC loading or activity. This model is also supported by in vitro observations showing that binding of sRNA duplexes by cr-TMV replicase inhibits RISC assembly (Csorba et al., 2007) . Although sRNA accumulation was observed in vivo, it is yet unclear whether this is indeed due to a binding and stabilization of sRNAs by the tobamoviral suppressor or whether this is caused by other yet unidentified virus-induced mechanisms. Moreover, it is reasonable to speculate that virus-encoded or virusinduced sRNAs may not always be inhibited by viral suppressors during the viral life cycle but may have a functional role at some stages of the infection process. Although further studies are necessary, several experimental arguments support this possibility, as discussed below.
VIRUSES GENERATE SPECIFIC sRNA PROFILES
First, it is well documented that several mammalian viruses encode miRNAs to use the silencing machinery of their host to their own advantage. To date, over 200 virus-encoded miRNAs have been identified. Current evidences indicate that mammalian viruses use these miRNAs to manipulate both the cellular and viral gene expression. Moreover, mammalian viral infection can exert a profound impact on the cellular miRNA expression profile and certain mammalian RNA viruses interact directly with cellular miRNAs and use these miRNAs to support their replication (Skalsky and Cullen, 2010) . This demonstrates that mammalian viruses, and potentially also plant viruses, have evolved means to subvert the RNA silencing machinery to regulate gene expression of the host.
Moreover, although plant viruses do not encode miRNAs, they generate an abundant and complex pool of vsRNAs by Dicerlike processing, and many of the vsRNAs share complementarity to the host genome and thus could potentially target host mRNAs (Moissiard and Voinnet, 2006; Qi et al., 2009; Llave, 2010 ; Figure 2A ). For example, vsRNAs derived from the translational leader of the Cauliflower mosaic virus 35S RNA, which forms an extensive stem-loop structure, have sequence complementarity to Arabidopsis transcripts. It was shown that at least one of these vsRNAs can act as a bona fide siRNA in infected turnip (Moissiard and Voinnet, 2006) . Another important case of vsRNA activity in the regulation of host gene expression was reported for Cucumber mosaic virus (CMV). Its non-coding subviral Y satellite RNA produces specific siRNAs, one of which was shown to specifically affect the expression of the host mRNAs encoding the magnesium protoporphyrin chelatase subunit I, a key enzyme of the chlorophyll biosynthesis pathway, and to be responsible for disease symptoms caused by CMV infection (Shimura et al., 2011) . Our own analysis has revealed about 13,000 sequence regions in the Arabidopsis genome that can potentially be targeted by the vsRNAs of ORMV (Kørner and Heinlein, unpublished results). Plant viruses may also utilize host-encoded sRNAs to target host genes ( Figure 2B ). Plant cells produce various sRNAs, including miRNAs, ta-siRNAs, repeat-associated siRNAs, nat-siRNAs, lsiRNAs, long-miRNAs and chromatin-associated siRNAs to regulate the expression of their genomes and ensure their proper inheritance (Meyers et al., 2008; Vaucheret, 2008; Vazquez et al., 2010) . However, viruses may go beyond the normal set of host sRNAs by generating their own host-encoded sRNA environment. For example, tobamoviruses produce a strong and specific enrichment of sRNAs that are processed from miRNA and ta-siRNA precursors (Bazzini et al., 2007; Csorba et al., 2007; Tagami et al., 2007; Vogler et al., 2007; Hu et al., 2011) . Deep sequencing of ORMV-infected Arabidopsis plants revealed a specific pattern of host sRNA enrichment that may either be due to replicase binding or to virus-induced activation of host-encoded processing or effector proteins (Hu et al., 2011) . Thus, the plethora of virus-and host-derived sRNAs represents a regulatory reservoir that might be used by the virus to promote silencing of host transcripts. Since the virus encodes a silencing suppressor that sequesters sRNAs (Figures 1 and 2C) , this activity is highly controlled during infection and likely limited to cells in which the viral silencing suppressor is not yet present or scarce. As summarized in Figure 2 , the ability of viruses to influence host gene expression via vsRNAs, host sRNAs, or silencing suppressor activity may provide an important explanation for the development of viral disease symptoms in infected plants.
VIRUSES MAY SUBVERT RNA SILENCING AT THE LEADING FRONT OF INFECTION
It is assumed that VSR proteins must be sufficiently abundant in the considered cells to exert a dominant effect and lead to silencing suppression. This certainly applies to silencing suppressors that act by sRNA sequestration. The tobamoviral VSR shows binding affinity to both siRNAs and miRNAs in vitro (Csorba et al., 2007; Kurihara et al., 2007) and tobamoviral infection causes widespread stabilization of both viral and host sRNAs (Hu et al., 2011) . However, as the virus spreads through leaf tissues, infection of a new cell always starts from zero. Thus, the amount of suppressor necessary to efficiently suppress RNA silencing in a given cell can only be reached after a certain delay. As an important consequence of this scenario, efficient RNA silencing suppression can be expected to be limited to cells behind the infection front. Thus, virusencoded siRNAs and/or virus-induced host sRNAs that remain non-sequestered in leading front cells may be potent to trigger silencing of host genes. It appears likely, therefore, that virus:host interactions change from early to later stages of infection in that the virus first subverts RNA silencing at the leading front of infection and subsequently controls this activity as soon as the silencing suppressor reaches the critical level.
VIRUSES MAY ACTIVELY SPREAD RNA SILENCING INTO CELLS AHEAD THE LEADING FRONT OF INFECTION
We and other groups have shown that the MPs of certain viruses act as viral enhancers of RNA silencing (VERs) by promoting the propagation of RNA silencing from cell to cell (Vogler et al., 2008; Zhou et al., 2008; Lacombe et al., 2010) . When transiently or transgenically expressed, the MP of TMV causes broadening of the rim of silenced cells around GFP-agroinfiltrated patches in the GFPtransgenic N. benthamiana line 16c ( Figure 3A) . The MP also enhances the systemic spread of GFP silencing when transgenically expressed. Because these effects of MP were not accompanied by significant changes in the pattern of GFP siRNAs, this suggested that MP promotes silencing signal transmission from incipient to recipient cells (Vogler et al., 2008) . It is unclear whether MP enhances silencing spread by its sequence-independent singlestranded nucleic acid binding activity (Citovsky et al., 1990) and/or by increasing the size exclusion limit of plasmodesmata (Wolf et al., 1989) , or by affecting the activity of RNA silencing components. Whatever the underlying mechanism, it is likely that this MP activity supports the intercellular spread of sRNAs at the leading front of spreading infection sites. Evidences supporting this conclusion came from studies using a GFP-tagged TMV mutant carrying a single amino acid exchange in the silencing suppressor. This mutant virus caused the formation of infection sites in leaves similar as the wild type virus. However, because the silencing suppressor was impaired, the virus and GFP expression became silenced in the central part of the infection sites ( Figure 3B ). Similar observations were previously made with Tomato mosaic virus (Kubota et al., 2003) . Interestingly, this "central silencing" did no longer occur when the viral MP was deleted (Vogler et al., 2008 ; Figure 3B ). This unraveled the active contribution of MP to the silencing of the virus in the absence of silencing suppressor. This finding is consistent with the previous proposal that antiviral silencing involves the movement of vsRNAs (Ding and Voinnet, 2007) . By potentiating vsRNA movement into cells ahead of infection, the MP might provoke an earlier, and consequently stronger, antiviral response in the absence of silencing suppressor. In normal circumstances where the suppressor is present, the virus is not silenced in the center of infection sites. However, at the leading front, where silencing suppressor levels are low, vsRNAs could still spread and immunize naïve cells ahead of the infection. This activity could enhance the quality of the virus:host interaction by www.frontiersin.org preventing the over-accumulation of the virus, which would otherwise be detrimental for the host. Moreover, given that the MP bears a sequence non-specific nucleic acid binding activity and facilitates the spread of transgene silencing, the protein might also spread vsRNAs and host-derived sRNAs complementary to host genes. Permitting local silencing of host genes in cells ahead of the replicating virus front may represent a crucial activity of MP to facilitate the spread of infection.
Another VER is the Rice yellow mottle virus (RYMV) protein P1 (Lacombe et al., 2010) . Similar to MP, P1 enhances the spread of GFP silencing in local and systemically infected leaves. Interestingly, P1 can also act as a VSR. This suggests that the virus suppresses or enhances silencing through tight regulation of this single protein. Since P1 also represents the MP of the virus it is conceivable that the spread of RYMV in infected plants critically depends on the coordinated manipulation of RNA silencing by the VSR and VER functions of the protein. VER activity has also been demonstrated for the P8 and P9 proteins of Turnip crinkle virus (TCV; Zhou et al., 2008) . Like for TMV, the RNA silencing promoting functions of these proteins were only detected in the absence of the viral silencing suppressor, the p38 coat protein.
A TIME-RESOLVED MODEL FOR MANIPULATION OF HOST GENE EXPRESSION DURING VIRUS CELL TO CELL SPREAD
The MP of TMV, which is known to bind RNAs in a sequenceindependent manner and to promote the spread of RNA silencing, may facilitate the spread of vsRNAs and host sRNAs in addition to the viral RNA genome. Very low amounts of the protein are sufficient to increase the size exclusion limit of plasmodesmata and to allow the spread of infection between cells (Arce- Johnson et al., 1995) . Thus, MP proteins likely act to facilitate the spread of viral RNAs and vsRNAs/host sRNAs into non-infected cells soon after a new cell of the leading front of infection is infected. This activity will likely be restricted to a short time window. Indeed, the protein accumulates only transiently during the early stages of infection (Watanabe et al., 1984; Heinlein et al., 1998) and is subsequently degraded (Reichel and Beachy, 2000) . Moreover, its ability to increase plasmodesmatal size exclusion limit is restricted to cells at the leading front of infection (Oparka et al., 1997) . In contrast, the silencing suppressor of the virus, which commonly sequesters sRNAs, is continuously expressed (Watanabe et al., 1984) and likely must accumulate to reasonable amounts before efficiently blocking vsRNA/host sRNA function. Thus, our model shown in Figure 4 predicts that MP already acts in low amounts at the leading front of infection, whereas the VSR must first accumulate and, therefore, interferes with RNA silencing with a delay and, thus, only behind the infection front. Together with the above-mentioned observations this leads us to suggest that MP potentiates viral movement not only by facilitating the spread of viral RNA but also by spreading of virus-induced host sRNAs and virus-encoded vsRNAs in order to influence host cell gene expression and thus to enhance the susceptibility of the host cell for the incoming viral RNA. Previous studies with different viral systems have indicated transient changes in host gene expression at or ahead of the spreading virus front (Wang and Maule, 1995; Aranda et al., 1996; Aranda and Maule, 1998; Havelda and Maule, 2000) which is consistent with this hypothesis. The MP supported spreading of vsRNAs could further enhance the probability of a successful virus:host interaction by providing already the recipient cell with the capacity to control the virus to some extent. The virus induces the biogenesis of vsRNAs and specific host sRNAs. In these cells, VSR levels are still low and vsRNAs and host sRNAs can be loaded into RISC to guide translation repression and cleavage of the virus and of specific host transcripts. In these cells, MP acts at very low concentration to transport vsRNAs, host sRNAs and viral RNA into non-infected cells. The vsRNAs and host sRNAs can program RISC to manipulate the expression of host transcripts and allow recipient cells to control the incoming virus. Our model also suggests that the tight viral control of its own accumulation and the manipulation of host gene expression could represent essential mechanisms sustaining successful infection. Once infection is initiated, the virus replicates and produces a sufficient amount of the VSR. Thus, in cells behind the leading front of infection, vsRNAs and host sRNAs are sequestered and inactivated, allowing the virus to accumulate and produce virions. Meanwhile, the leading front has moved into new cells.
The time-resolved model shown in Figure 4 emphasizes that virus-induced immunization and silencing of host genes is certainly transient as it will subsequently be suppressed by the increasing levels of the VSR. This subsequent silencing suppression allows virus propagation in cells behind the infection front and may also prevent the occurrence of developmental effects that may otherwise be caused by continued virus-induced host gene silencing. This time-resolved model also suggests that virus:host relationships in which VER and VSR functions are tightly controlled and balanced may represent the basis for symptomless infections. Such highly evolved virus:host relationships may be widespread and even mutualistic in nature whereas virus:host relationships causing disease symptoms might rather be an exception limited to agricultural monocultures and specific model pathosystems studied in the laboratory (Roossinck, 2005 (Roossinck, , 2011 Niehl and Heinlein, 2009 ). The cell autonomous and cell non-autonomous contribution of the virus-induced sRNA profile to antiviral defense and host genome modification has profound implications for our understanding of viral pathogenicity and host specificity in plants. Understanding the mechanisms by which plants remain healthy during virus infection also has important implications for agriculture and for the agrobiotech industries.
